The seasonal evolution of total inorganic carbon and CO 2 air-sea fluxes in the Eastern North Atlantic Subtropical Gyre (Azores area) was investigated by means of studying a data set from 10 cruises covering a seasonal cycle. Monthly CO 2 fugacity was modelled as a function of surface temperature and month for 1998. So, the seasonal cycle of CO 2 and its air-sea fluxes were obtained using monthly average surface data in the area. Over the year, the Azores area (2.25d 10 12 m 2 ) acts as a weak net sink of CO 2 (0.38 mmol m À2 day À1 ). From December to May, the zone is a rather strong sink for CO 2 (10.3 mmol m À2 day
) acts as a weak net sink of CO 2 (0.38 mmol m À2 day À1 ). From December to May, the zone is a rather strong sink for CO 2 (10.3 mmol m À2 day
À1
), while between June and November, it behaves as a CO 2 source (9.9 mmol m À2 day À1 ), August presents the highest outgassing (3.88 mmol m À2 day
). Moreover, a box budget was established to evaluate the relative contribution of the physical and biological processes affecting the seasonal CO 2 variability in the mixed layer of the Azores area. The most important contributor to the average mass balance of CO 2 was the mixing with the lower layer (7.8 mmol m À2 day À1 ) and biological activity (À8.9 mmol m À2 day
). Conversely, air-sea exchange (0.17 mmol m À2 day À1 ) and advection (1.7 mmol m À2 day À1
Introduction
The Subtropical gyres are convergence zones, potentially regions of CO 2 accumulation by the ocean. According to Takahashi et al. (2002) , the uptake of CO 2 in the gyres (148-508N and 148-508S) represents 56% of the total ocean uptake. In the Eastern North Atlantic Subtropical Gyre, the major circulation feature is the Azores current that joins the Mid Atlantic Ridge at about 358N, 408W (Klein and Siedler, 1989) . Afterwards, it flows zonally eastwards between 328 and 358N with three branches turning to the south between 108 and 208W (Sy, 1988; Stramma, 1984) . The mesoscale circulation in the Azores region is dominated by the meandering of the Azores front and associated eddies (Käse and Siedler, 1982; Käse et al., 1985; Gould, 1985; Pingree, 1997; Pérez et al., 2003) . These eddies produce an intricate vertical structure with alternate cyclonic and anticyclonic eddies at both sides of the Azores front (Pingree and Sinha, 1998 ).
The Azores zone shows an excess of evaporation and heat loss generated by the strong and persistent trade winds (Schmitt et al., 1989; Marshall et al., 1993) , contributing to an increase of salinity along the southern side of the Azores current. The presence of this saline water in the upper layer favours the water mass formation of the Madeira Mode Water (Siedler et al., 1987) .
The former physical features, the convergence produced by the Azores current and the formation of the Madeira Mode water, favour the uptake of anthropogenic CO 2 in the Eastern North Atlantic Subtropical Gyre. Therefore, the Azores zone has high interest as a potential sink for atmospheric CO 2 . The goal of this work is to evaluate the seasonal variability of the sea-surface CO 2 and to assess the relative contribution of the physical and biological processes affecting its mass balance in the Azores area.
Several studies were carried out in the subtropical gyres to evaluate the seasonal variability of the seasurface CO 2 . Follows et al. (1996) investigated the subduction of carbon driven by the solubility pump in the North Atlantic Subtropical Gyre using abiotic models. They concluded that the rate of subduction of carbon is strongly influenced by the gradients in mixed-layer thickness over the gyre and, to a lesser extent, modified by the winter properties for subduction. This abiotic study has neglected the role of the biological uptake of CO 2 in the euphotic zone, which also modifies the carbon distribution and drives air-sea fluxes of CO 2 . Recently, Lefèvre and Taylor (2002) , using a one-dimensional model in the North and South Atlantic gyres, reproduced the seasonal cycle of temperature and partial pressure of CO 2 ( pCO 2 ) to examine temporal and spatial variability. They conclude that in both gyres, the pCO 2 is mainly governed by temperature changes. Takahashi et al. (2002) presented a method for distinguishing the seasonal biological and temperature effects on seasurface pCO 2 discussing the relative importance of both factors in the global oceans. These studies revealed interesting aspects of the seasonal cycle of the CO 2 in the Atlantic Subtropical Gyres. However, the contribution of the biological processes on the pCO 2 has been neglected (Follows et al., 1996) , considered to be significant but not quantified (Lefèvre and Taylor, 2002) , or discussed its relative importance on a global scale (Takahashi et al., 2002) . Only Bates et al. (1996) have considered biological uptake of CO 2 together with advection, vertical entrainment and diffusion, and gas exchange to investigate the CO 2 seasonal variability in the Western North Atlantic Subtropical Gyre. However, the Eastern North Atlantic Subtropical Gyre is poorly known in those aspects. So, the seasonal cycle of CO 2 is investigated here, evaluating the role and relative contribution of biological activity, advection, mixing, and air-sea CO 2 exchange in the Azores region.
The present work is laid out as follows: we briefly present the surface distribution of CO 2 fugacity in relation with the physical characteristics of the Azores area (Section 3.1); the following section will be devoted to investigate the seasonal variability of CO 2 and its fluxes (Section 3.2); finally, we evaluate the relative contribution of advection, mixing, air-sea exchange, and biological activity to the seasonal cycle of CO 2 in the mixed layer of Azores area (Section 3.3).
Database and methods
Surface CO 2 data sets from 10 cruises were combined in this study, being part of the CAVASSOO (http://tracer.env.uea.ac.uk/e072/) and CARINA databases (http://www.ifm.uni-kiel.de/fb/fb2/ch/research/ carina). Tracks are shown in Fig. 1 and details are listed in Table 1 . As part of the EU CANIGO project, the Meteor 37/2, Azores 1, and Azores 2 cruises were performed. The AMT-3 and AMT-7 cruises were carried out within the British AMT (Atlantic Meridional Transects) project. The cruises PS9411, PS9502, PS9503, ST9506, and ST9507 comprise measurements on board ships of opportunity. Cruise period, principal scientist, and number of data used for this study are specified in Table 1 .
Regarding the analysis of CO 2 fugacity ( fCO 2 ), various air-sea equilibration methodologies were used. During the Meteor 37/2 and Azores 1 cruises, fCO 2 was determined with a system designed at the Instituto de Investigaciones Marinas, similar to the one developed at the University of Kiel by Kört-zinger et al. (1996) . During the Azores 2 cruise, fCO 2 was determined using a flow system similar to the one designed by Wanninkhof and Thoning (1993) The tracks and stations sampled in each cruise are represented in Fig. 1 . Correct. fCO 2 is the correction made at the fCO 2 (Aatm) of every cruise to refer to 1998. r 2 is the determination coefficient of the linear regression between fCO 2 (25) and SST for each cruise. N is the number of data. Table 1. and developed by Frank J. Millero's group at the University of Miami. During the AMT, PS, and ST cruises, fCO 2 measurements were directly obtained using an automated air-sea CO 2 equilibration system, fully described by Cooper et al. (1998) (Mintrop et al., 2000) , one end-point titration (Pérez and Fraga, 1987) , and a closed cell titration with two separate systems in parallel (Millero et al., 1993) , respectively. During the Meteor 37/2 cruise, an intercalibration exercise was made among the three-potentiometric systems for alkalinity determination. This exercise clearly showed that the alkalinity accuracy was better than 1 Amol kg À1 (Mintrop et al., 2000) . The relationship between TA and salinity for the 69 surface data was TA=62.56 S+102 (r 2 =0.94; pb0.001), with an estimated error of F3.1 Amol kg À1 (Fig. 2) . Total inorganic carbon (C T ) was calculated from fCO 2 and TA using the thermodynamic equations of the carbonate system with the dissociation constants of Mehrbach et al. (1973) . Recently, Lee et al. (2000) and Lueker et al. (2000) have confirmed that the CO 2 constants by Mehrbach et al. (1973) are the most suitable for calculating C T from TA and fCO 2 . Besides, fCO 2 normalized to 258C-hereinafter fCO 2 (25)-was calculated at 258C from C T and TA. This fCO 2 (25) variable is thermodynamically independent to the temperature and closely correlated with pH and C T /TA.
Monthly average data for wind, sea-surface temperature (SST), surface salinity (SSS), mixed layer depth (MLD), net heat flux (hereinafter heat flux), and evaporation less precipitation and runoff (EPR) for 1998 and the first four months of 1999 (28 months in total) were provided by B. Bernier and J.-M. Molines (Laboratoire Ecoulements Geophysique et Industriel de Grenoble, France), and used to establish the seasonal cycle in the Azores area. The region within 308-388N and 108-358W was divided into 9060 pixels of 8.4VÂ10.2V . The model data come from an Ocean General Circulation Model (OGCM), initialized from Reynaud et al. (1998) salinity and temperature climatology, spun up for 8 years by a climatological daily forcing. Then, from 1979 to 2002, the model has been forced by daily atmospheric fluxes (heat, fresh water, and wind stresses) from the ECMWF model. The data used in this study are monthly averages from this run. The air-sea CO 2 exchange (mmol m À2 day À1 ) was calculated using the equation:
where k is the transfer velocity (cm h À1 ), S is CO 2 seawater solubility (mol kg À1 atm À1 ), fCO 2sea is surface ocean CO 2 fugacity, fCO 2air is atmospheric CO 2 fugacity (both in Aatm), and 0.24 is a unit conversion factor. Seawater CO 2 solubility is calculated from Weiss (1974) . Positive value indicates air to sea flux.
The impact of wind speed on the transfer velocity, k, was calculated using the equation (k=0.39 u 2 (Sc/ 660)
) given by Wanninkhof (1992) ; u is the wind speed (m s À1 ); and Sc is the Schmidt number calculated from its relation with temperature according to the polynomial fit given by Wanninkhof (1992) .
Results and discussion

Surface distributions in the Azores area
Previous to any explanation of the seasonal CO 2 variability, it is worthwhile to describe the main physical spatial features and fCO 2 distribution in the Azores area.
The Azores 1 cruise (August 1998) covered the widest area within this region and was chosen as representative for the typical spatial variability. The sea-surface salinity and temperature (Fig. 3a, b ) distribution is related to the position of the Azores Current (Pérez et al., 2003) penetrating from the west with high temperature (N268C) and low salinity (b36.6). SST presents a strong eastward decreasing gradient. A slight north-south gradient is also noted, with higher temperatures north of about 338N. Similarly, SSS (Fig. 3a) increases also eastwards but in a smaller range than in the north-south direction. More saline surface waters are found south of the 328-338N latitudinal band.
The surface in situ fCO 2 pattern ( Fig. 3c ) resembles the salinity distribution. Highest fCO 2 concentrations (N395 Aatm) at the west are distinguishable from low values (b380 Aatm) at the east. In the north-south direction, lower differences are found, with slightly higher fCO 2 northwards. Although the thermodynamic effect of fCO 2 (25) was removed, the signal of chemical properties of the water masses remains on the fCO 2 (25). Hence, the surface distri- Fig. 3 . Distribution of (a) sea-surface salinity (SSS), (b) sea-surface temperature (SST) in 8C, (c) sea-surface in situ fCO 2 in Aatm, (d) sea-surface fCO 2 at 25 8C in Aatm, during the Azores 1 cruise (August 1998). Grey dots stand for the cruise track. bution of fCO 2 (25) (Fig. 3d ) matched well with SST, showing a remarkable westward decreasing gradient. The lowest fCO 2 (25) values (b380 Aatm) were found west of 318-328W associated with warmer waters (N268C), whereas the highest fCO 2 (25) (N400 Aatm) values were related to waters colder than 248C. The west-east gradient is combined with a slight northsouth gradient, with lowest fCO 2 (25) and highest SST northwards.
Seasonal variability of the surface CO 2
The CO 2 seasonal cycle was assessed analysing our set of 10 cruises carried out at different months ( Fig. 1 and Table 1) in the Azores region. In order to study the CO 2 seasonal cycle, fCO 2 measurements made during different years were corrected or normalised for the annual increase of atmospheric CO 2 , and thus, referred to the common year 1998. The fCO 2 data have been corrected to 1998 using the annual rate of CO 2 surface water increase given by Takahashi et al. (1997) and González-Dávila et al.
), which is consistent with the atmospheric rate. Surface waters in subtropical gyres mix vertically at slow rates with subsurface waters due to the presence of strong stratification at the base of the winter-mixed layer. Therefore, surface waters have a long time to equilibrate with the atmosphere (Takahashi et al., 1997 (Takahashi et al., , 2002 . Thus, the fCO 2 in these warm waters follow the increasing trend of atmospheric CO 2 as demonstrated by Inoue et al. (1995) , Feely et al. (1999) , and Bates et al. (2002) . Table 1 includes the normalising corrections for the fCO 2 measurements.
The whole data set for surface CO 2 normalized to 258C has also been corrected for the surface fresh water flux, i.e., normalized to a constant salinity equal to 36.7, fCO 2 (25) 36.7 , which is calculated from a constant TA value and normalized CT (CTd 36.7/ salinity) from each sample using the dissociation constants by Mehrbach et al. (1973) . In order to study the seasonal evolution of fCO 2 (25) 36.7 , we have plotted the whole data set against temperature within a field of fCO 2 isolines. This field has been obtained from constant salinity (36.7) and TA (2400 Amol kg À1 ) values varying temperature (15 to 288C) and pHSWS (7.925 to 8.130 ) to obtain the in situ fCO 2 values. To match the in situ fCO 2 lines with the fCO 2 (25) 36.7 data represented a unit conversion is done in order to easily observe the spatial and temporal changes in the in situ fCO 2 . Consequently, we can examine, on one hand as the distribution of in situ fCO 2 for each month is rather homogeneous showing the fCO 2 (25) 36.7 values between at least two isolines (spatial changes), and on the other hand as the temperature increase the in situ fCO 2 became more and more higher (temporal changes), being in February (~320 Aatm), reaching in August he highest values (~400 Aatm). These changes are due to the variability of the surface water masses along the year.
Hence, in Fig. 4 , a clear relationship between fCO 2 (25) 36.7 and SST for each cruise is discerned. Besides, as explained before, for each cruise the fCO 2 (25) 36.7 values roughly follow the same in situ fCO 2 isoline (see also Fig. 3c ). Therefore, the in situ fCO 2 changes are very small, indicating that the spatial distribution for each month is homogeneous in fCO 2 . As the seasonal cycle progresses, the set of cruises data change in situ fCO 2 isoline. Summer SST values (N268C) were associated with the highest in situ fCO 2 values (isoline~400 Aatm), while in winter, SST below 188C related with in situ fCO 2 isolines around 320 Aatm. Fig. 4 also shows the annual fCO 2air isoline (355F2 Aatm) for 1998 calculated at the temperature range from the xCO 2 obtained at the Izaña station (Tenerife, Spain). In this sense, two clusters of points are discerned: the sea-surface in situ fCO 2 values are lower than fCO 2air from November to June, and higher from June to November. In June and November, the in situ fCO 2 seems to be practically in equilibrium with the atmospheric fCO 2 in the Azores area.
Consequently, the seasonal variation of fCO 2 (25) 36.7 is related to SST. In the same way, fCO 2 (25) at real salinity also shows a seasonal variation with SST. The linear regression between fCO 2 (25) and SST for each cruise was of high significance in all cases with r 2 N0.73 and pb0.001 (see Table 1 ). With the aim of establishing the CO 2 seasonal cycle, fCO 2 (25) was adjusted against SST and month, the following expression was obtained: (25) is 1.014F0.003, and the mean difference between calculated and measured fCO 2 (25) is À3F7 Aatm (n=20,999). The small mean difference supports the consistency of our fCO 2 (25) fitted data.
The seasonal CO 2 cycle in the box of the Azores region was obtained using monthly average data of wind speed, and mixed layer temperature and salinity from 1998. The monthly fCO 2 (25) was calculated using Eq. (2) and monthly average SST. TA that was calculated by means of the equation given in Fig. 2 . C T was calculated from fCO 2 (25) and TA using the dissociation constants of Mehrbach et al. (1973) . Seawater in situ fCO 2 ( fCO 2sea ) was also calculated from C T and TA using monthly average SST data. The monthly atmospheric fCO 2 values were obtained at the Izaña station. Air-sea CO 2 fluxes (FCO 2 ) were calculated using Eq. (1) and monthly average wind speed.
Although there exists a spatial distribution with an eastward gradient in temperature, salinity and fCO 2 (Fig. 3) , and some north-south small variation, these spatial variations are of less significance in comparison with the seasonal variation (Fig. 4) . To simplify the presentation of the seasonal cycle, the whole set of C T , fCO 2sea , fCO 2 (25), and FCO 2 values was monthly averaged. Thus, we obtain a monthly mean for each variable, spatially averaged in the studied Azores box area. In the next figures, the error for each average variable was estimated as the standard deviation weighted by the number of data. These errors are very low, ranging from 0.011 for SST to 0.15 for fCO 2 (25), because of the large number of data (9060 pixels). The seasonal variability of surface fCO 2 (25) resembles that of C T (Fig. 6a) . While, the seasonal cycle of fCO 2sea is opposite to C T (Fig. 6b) . The highest C T (2070 Amol kg À1 ) was found in AprilMay, decreasing abruptly ( fCO 2sea increases) until September where it shows the lowest concentrations (2055 Amol kg À1 ). Later, C T increases until MarchApril where C T reaches again higher concentrations (2069 Amol kg À1 ). The C T seasonal variation was only 15 Amol kg
À1
, comparable to the range found in other oligotrophic regions, such as the North Pacific Subtropical Gyre (Weiss et al., 1982; Winn et al., 1994) .
A strong seasonal variability is evident in fCO 2sea , with an amplitude of 80 Aatm (Fig. 6b) . This variation is similar to the changes reported at the ESTOC site (60-80 Aatm) from 1995 to 1997 (González-Dávila et al., 2003) and at the BATS site (80-100 Aatm) from 1989 to 1993 (Bates et al., 1996) . This similarity could be caused by the advective connection between the Sargasso Sea Mode Waters in the western basin and modes of similar densities found in the eastern basin on the southern side of the Azores current (New et al., 2001) . The fCO 2sea annual cycle shows the characteristic minimum values of 315 Aatm in winter (February) and maximum in summer (August) with values of 396 Aatm. In comparison to this, fCO 2air is slightly higher in winter than in summer, but with amplitude of only 7 Aatm. Consequently, surface water in the Azores area was CO 2 undersaturated from November to June and oversaturated from July to October. In general, FCO 2 along the year matched quite well the fCO 2sea distribution, showing some differences between January to March due to the wind effect. On the annual scale, the region acted as a CO 2 sink at a rate of 0.17F2.2 mmol m À2 day À1 . The maximum outgassing rate was obtained in August 1998 (3.84 mmol m À2 day À1 ) and the maximum uptaking rate was in February 1999 (5.45 mmol m À2 day À1 ). This uptake rate obtained in February 1999 is 4 times higher than that in February 1998, as wind speed in February 1999 was twice as high as in 1998.
A plot of the annual cycle of average fCO 2sea as a function of average SST for the Azores area is shown in Fig. 7 as an ellipsoid. Starting from fCO 2sea value of to 316 Aatm at a temperature of 17.5 8C (March). The temperature increase at constant C T of 2066 Amol kg À1 (see Fig. 6a ) would thermodynamically lead to a fCO 2 increase of 15.4 Aatm 8C À1 (dashed line in Fig. 7) . Therefore, if only thermodynamical processes were active, it would be expected that fCO 2 changes would follow that line as from March to May. However, between June and August, the observed slope is lower than expected (12.5 Aatm 8C À1 ), likely as a consequence of a C T decrease first by biological activity and afterwards by CO 2 outflux (Fig. 6a, b) .
The starting conditions during the cooling period, i.e. from October onwards, are different, with a lower starting C T concentration (2054 Amol kg À1 , Fig. 6a ) at a temperature of 23.58C. So, the corresponding thermodynamical fCO 2 vs. SST slope would be 14.4 Aatm 8C À1 (dashed-dot line in Fig. 7) . From September to November, the variation of fCO 2 indeed followed this slope. However, from November to February, fCO 2 vs. SST exhibited a smaller slope (8.8 Aatm8C À1 ) as a consequence of C T increase (Fig. 6a) , probably due to advection and/or winter mixing. Similar fCO 2sea -SST relationships showing a seasonal change in the slopes were obtained by Bates et al. (1996) and Lefèvre and Taylor (2002) in the Atlantic gyres.
The FCO 2 values computed here are subject to three sources of error, the estimation of fCO 2 , wind speed variations and the formulation of the gas transfer coefficient. The fCO 2 (25) was computed as a function of temperature (Eq. (2)) with an error of F7 Aatm. We use one standard deviation of F2 m s À1 as wind speed error. Normally distributed random perturbations of these errors (F7 Aatm and F2 m s À1 ) were applied to the FCO 2 estimate, producing an error of F0.024 mmol m À2 day À1 (~15%) due to the fCO 2 (25) and F0.008 mmol m À2 day À1 (~5%) owing to the wind. These errors were estimated as the standard deviations of the FCO 2 mean generated by the perturbations. The FCO 2 errors using the perturbation analysis are very low due to the averaging effect acting on the independent errors in our large database that produces a considerable decrease of the real errors (Matsukawa and Suzuki, 1985) . The other Fig. 6 . Average monthly evolution of (a) sea-surface fCO 2 (25) (Aatm) and C T (Amol kg À1 ), (b) sea-surface ( fCO 2sea ) and air ( fCO 2air ), both in Aatm, and air-sea CO 2 fluxes (FCO 2 in mmol m À2 day À1 ) for the Azores area. Positive fluxes indicate air to sea exchange.
source of error in the FCO 2 estimate depends on the choice of the air-sea CO 2 gas transfer coefficient. We have used the Wanninkhof (1992) formulation obtaining an annual average of 0.17 mmol m À2 day À1 (0.06 mol m À2 year À1 ). The errors resulting from the use of other formulations have a systematic nature (Takahashi et al., 1997). We have also made estimates of FCO 2 using the Liss and Merlivat (1986) and the Tans et al. (1990) exchange coefficients. The average CO 2 influxes were 0.09 and 0.19 mmol m À2 day À1 , respectively, which is 49% lower or 13% higher, respectively, than the mean FCO 2 value obtained with the Wanninkhof (1992) formulation.
This estimation of FCO 2 using different formulations is useful in order to compare our results with those from other authors. Takahashi et al. (1999) estimated a net FCO 2 influx ranging between 0 and 1 mol m À2 year À1 using the CO 2 gas transfer coefficient of Wanninkhof (1992) for the Azores area and the year 1995. Our net annual FCO 2 for 1998 is within this range.
The Azores area (2.25d 10 12 m 2 ) acted as a sink on the annual scale absorbing 0.004 Pg C year À1 (0.38 mmol m À2 day À1 ), as a result of the net influx of 0.102 Pg C year À1 (10.3 mmol m À2 day À1 ) from December to May, exceeding the net outflux of 0.098 Pg C year À1 (9.9 mmol m À2 day À1 ) from June to November. These fluxes were calculated for the year 1998 (see Table 2 ). Nevertheless, at the light of the results observed in Fig. 6 , with higher fluxes in February 1999 due to the increase in wind speed, significant FCO 2 interannual variability can be expected. In this sense, for the area comprised between 348-388N and 108-258W, we obtained air to sea flux 4.0d 10 12 gC year À1 c1.4 mmol m À2 day À1 (see Table 2 ), which is lower compared to 6.1d 10 12 gC year À1 c2.1 mmol m À2 day À1 for a reference year 1995 (Takahashi, personal communication and Takahashi et al., 1999) . However if we take the period February 1998-January 1999, the influx for these area is higher (10.5d 10 12 gC year À1 c3.6 mmol m À2 day À1 ). Several spatial patterns can be identified both during the outgassing and the ingassing periods. Maximum annual uptake values (13d 10 12 gC year À1 ) were obtained in the latitude band 368-388N, minimum annual uptake values of 2.6d 10 12 gC year
were calculated for the latitude band 348-368N. Between 328 and 348N, where the subtropical front, closely related to the position of the Azores Current, is more intense, the net annual uptake of CO 2 is low (~2d 10 12 gC year À1 ) west of 258W, acting as source (5.4d 10 12 gC year À1 ) east of 258W. Further south (latitude band 30-328N), the zone annually acts as a net source (8.4d 10 12 gC year À1 ). Annually, in all bands of latitude, CO 2 influx (outflux) is decreasing (increasing) eastwards (see Table 2 ).
In general, the monthly spatial distribution of the CO 2 influxes (outfluxes) presented the same spatial trend, with a southeastwards decrease (increase). There were exceptions in March, April, and May where the trend of the CO 2 influx is decreasing northwestwards, due to a reduction of the trade wind intensity. Likewise, from July to October, due to wind modulation, the highest CO 2 sources appeared at the south of the studied zone, decreasing northwestwards. The lowest and uniform CO 2 fluxes for the whole area were in June (source) and November (uptake).
Role of the physical and biological processes in the CO 2 seasonal cycle
The rate of change of inorganic carbon (DC T ) in the mixed layer of the Azores box previously defined (308-388N; 108-358W) can be expressed as the sum of the different physical and biological processes that take place:
DC T is the total carbon rate of change in the mixed layer calculated as:
where C ML is the C T in the mixed layer; q is the seawater density, D is the mixed layer depth in metres, and t is time in days. FCO 2 is the variation of C T due to the air-sea exchange of CO 2 between atmosphere and ocean, DC ADV is the variation of carbon owing to advection, DC MIX is the variation of carbon due to the mixing with the lower layer, and DC BIO stands for the variation of carbon due to biological activity.
Conservation equations for salinity and temperature within the mixed layer of our Azores box are applied to calculate advection and mixing. According to the general scheme of circulation in the zone (Schmitz, 1996; Pingree, 2002) , there is an advection of waters eastwards that leaves the box southwards. Positive values air-sea flux, negative values sea-air flux.
The mixing occurs with waters located below the mixed layer.
The following system of conservation equations are formulated for salinity and temperature:
where Q ADV is the horizontal advection flow into the box; Q MIX is the vertical mixing flow -both expressed in m 3 day
À1
-that crosses the MLD; S W and S S and T W and T S are the salinity and temperature values in the west and south walls of the box; S ML and T ML are monthly average salinity and temperature of the mixed layer. S LL and T LL stand for salinity and temperature in the low layer situated just below the mixed layer. We have considered 180 m as the stationary deep layer (DL) that mixes with the low layer for the whole annual cycle with S DL =36.43 and T DL =16.4 8C according to Arhan et al. (1994) . The low layer varies with time and is taken as 1.5d MLD. S LL and T LL for each month were calculated by linear interpolation between S ML and T ML at the 0.5d MLD and S DL and T DL at 180 m. V stands for the box volume (V=Ad MLD) expressed in m 3 , being A the area of the box (2.25d 10 12 m 2 ). Once we have the flows of advection ( Q ADV ) and mixing ( Q MIX ) for each month, we can calculate the rate of change of C T due to these processes, DC ADV and DC MIX , according to the following expressions:
where C W and C S are the C T in the west and south walls of the box; C ML is the C T in the mixed layer; C LL stands for C T in the low layer situated just below the mixed layer. The C LL was calculated from TA LL and fCO 2 (25) LL using the Mehrbach et al. (1973) constants. TA LL was computed for each month as a function of S LL using the equation given in Fig. 2 , and fCO 2 (25) LL was determined as a function of T LL for each month, using Eq. (2).
Knowing all terms of Eq. (3), DC BIO can be calculated by subtraction. All the rates are expressed in mmol m À2 day À1 and in all cases, positive (negative) values indicate an increase (decrease) of carbon within the box. Fig. 8a shows the evolution of DC ADV , DC MIX and DC BIO during 1998, the coupling between them is obvious. More than 80% of the total variability of DC BIO can be explained by multiple linear regression (r 2 =0.81; n=15; pb0.001) with DC MIX and DC ADV . So, when DC MIX increases in the mixed layer as a consequence of an injection of C T from the lower level, the biological activity (a shorter scale than one month) developed by the phytoplankton in the mixed layer produces a decrease in DC BIO . The C T supplied by advection increases DC MIX to support the biological activity in practically all year. When the DC MIX is not fully compensated by the biological activity (e.g. January 1999), there is a loss of C T by advection (negative DC ADV values in Fig. 8a) .
The net average value of DC ADV obtained in this study was 1.7 mmol m À2 day À1 . Williams and Follows (1998) have estimated the horizontal transfer of nutrients in the North Atlantic Ocean. They found that this horizontal transfer on the northern flank of the subtropical gyre, provides a source of nitrate from 0.06 to 0.12 mol m À2 year À1 which corresponds to 1.1-2.2 mmol m À2 day À1 of carbon assuming a C:N=106:16 according to Refield et al. (1963) . Our average DC ADV is within the range obtained by these authors.
The DC BIO represents the net community production rate in the mixed layer of the Azores area. Our DC BIO values can be validated with direct primary production data reported by different authors (rings in Fig. 8a) . The rates of primary production obtained by several authors (Frazel and Berberian, 1990; Jochem and Zeitzschel, 1993; Fernández and Pingree, 1996; Marañó n et al., 2000; Mouriño et al., 2001; Lorenzo et al., 2004) were estimated by 14 C inoculation, which can be assimilated as gross or total primary production. We have estimated a ratio between new and total primary production ( f-ratio) of 0.30 applying an empirical equation of general applicability given by Tremblay et al. (1997) as a function of total production. We have taken the annual primary production (10 mol m À2 year À1 ) obtained by Sathyendranath et al. (1995) on the flanks of the North Atlantic Subtropical Gyre using remotely sensed chlorophyll. This f-ratio is in agreement with the 0.26 given by Eppley and Peterson (1979) . Thus, all gross productions quoted in the bibliography were converted to new production using an f-ratio of 0.30.
As observed in Fig. 8a , most measured net production values taken from different field studies (Frazel and Berberian, 1990; Jochem and Zeitzschel, 1993; Fernández and Pingree, 1996; Marañó n et al., 2000; Mouriño et al., 2001; Lorenzo et al., 2004) follow the evolution of the net production calculated with the proposed approach. The difference between the measured and calculated values ranges between 1 and 3.2 mmol m À2 day À1 . Only in December that the reported and here-calculated productions exhibit higher difference. The net production estimated in this study is referred to 1998. Just two measurements were done in 1998, those in August from Mouriño et al. (2001) and Lorenzo et al. (2004) both measured during the Azores 1 cruise and were 10 and 8.7 mmol m À2 day À1 , respectively, in good agreement with our estimated value (11.4 mmol m À2 day
). The other production data reported by different authors were primary production values in the area converted to new production using an f-ratio equal to 0.3: JZ=Jochem and Zeitzschel, 1993; Mo=Mouriño et al., 2001; FP=Fernández and Pingree, 1996; FB=Frazel and Berberian, 1990; Ma=Marañó n et al., 2000; L=Lorenzo et al., 2004. obtained during cruises carried out between 1989 and 1999. Therefore, it is likely that the productions with higher differences are affected by different environmental conditions for the year of the sampling, provoking higher or lower productions than expected for 1998. On the other hand, Sathyendranath et al. (1995) estimate that the annual primary production reaches 10 mol m À2 year À1 over the flanks of the subtropical gyre using remotely sensed chlorophyll. Assuming the f-ratio of 0.30, the new production is 8.2 mmol m ). The good agreement between DC BIO and the primary production given by several authors, as well as the accordance of DC ADV with the estimates made by Williams and Follows (1998) support the calculated DC MIX values.
The amplitude of DC ADV (Fig. 8a) and DC T and FCO 2 (Fig. 8b) are much smaller than the amplitude of DC MIX and DC BIO (Fig. 8a) ) and biological activity (DC BIO =À8.9 mmol m À2 day À1 ) are the most important contributors to the CO 2 variation in the mixed layer.
The negligible contribution of FCO 2 and DC ADV , and the high disproportionate contribution of DC MIX and DC BIO to the DC T variability is easy to understand, as the processes, DC MIX and DC BIO , together with DC ADV are coupled as already mentioned. To assess the rates of change of DC T and FCO 2 in the mixed layer, it is essential to consider the net balance between the biological response to the entrainment of C T and nutrients by mixing and in minor proportions by advection. This photosynthetic response to the nutrients and C T inputs is faster than the monthly scale used here. So, these three-coupled processes -DC ADV , DC MIX , and DC BIO -have been combined as DC AMB . This term represents the net effect of the biological community in the water column in response the vertical mixing, which is supported by the vertical gradient generated by degradation of biogenic debris produced in the mixed layer and transported by gravitational settling to deeper layers. The evolution of DC T , FCO 2 , and DC AMB is shown in Fig. 8b . Three different scenarios can be distinguished. In the first one between February and June MLD decreases as SST increases, the variation of C T is very low (0.03F0.36 mmol m À2 day À1 ). There is an excess of CO 2 uptake by biological processes over the input by mixing and advection from February to May (see Fig. 8a ). This excess of CO 2 uptake favours the entry of CO 2 through the air-sea interface, in such way that the net CO 2 uptake in the MLD is balanced with the air-sea CO 2 exchange. In the second scenario between July and October, the MLD becomes shallower due to heating, which favours the emission of CO 2 through the air-sea interface. This loss of CO 2 surpasses the C T supplied by mixing and advection over the biological uptake meaning a C T decrease. Basically, the summer heating in a reduced mixed layer drives the loss of CO 2 , which is moderated by the positive balance of DC AMB . In the third scenario (November-January), the MLD increases and waters get cooler, C T concentrations increase by mixing and mineralization of organic matter. The entry of CO 2 through the air-sea interface increases gradually reaching a maximum in February, when the MLD increases and the biological activity becomes important.
After establishing the concept of net biological production in the water masses (DC AMB ) due to the advection and mixing processes, we need to reevaluate the contribution of the physical processes and biological activity because, as we can see in Fig. 8 , the amplitude of the different rates of change have decreased from 32 mmol m À2 day À1 to 11 mmol m À2 day À1 . For this purpose, a multiple linear regression of DC T with temperature, wind speed, and DC AMB (r 2 =0.71; n=15; pb0.001) allows us to estimate the effect of physical and biological processes, resulting that 46% of the DC T mass balance is due to the DC AMB contribution, 12% due to wind, and 42% to temperature. Therefore, we can conclude for the Azores area that the contribution of the physical processes is higher than the biological ones, although both processes are fairly balanced.
Summary and conclusions
Given the relevance of the subtropical gyres as convergence zones favouring the accumulation of CO 2 in the ocean, this study has been made with the aim of assessing the seasonal variability of the seasurface CO 2 in the Azores area, evaluating the physical and biological processes affecting its rates of change in the mixed layer.
The seasonal sea-surface cycle of CO 2 was evaluated modelling the CO 2 fugacity with temperature and month using a data set of 10 cruises carried out in the Azores area (308-388N; 10-358W). Monthly variables of the carbon system and CO 2 air-sea fluxes were calculated using the algorithm obtained and monthly average data for wind speed and mixed layer temperature and salinity.
The air-sea CO 2 fluxes obtained demonstrate that the Azores area acts as a weak sink of CO 2 with an uptake of 0.004 Pg C year À1 . Such sink represents around 0.23% of the net oceanic CO 2 sink (1.7F0.7 Pg C year À1 in the 1990s) reported by the IPCC et al. (2001) .
The role of the physical and biological processes in the CO 2 seasonal cycle was monthly assessed to investigate the contribution of each process. The rate of change of the total carbon in the mixed layer can be expressed as the sum of the CO 2 air-sea exchange and variations due to advection, mixing with the lower layer, and biological activity. Advection and mixing in our Azores box were estimated from conservative equations for salinity and temperature. Once these flows were obtained, the corresponding rates of changes due to the different factors affecting the CO 2 mass balance were estimated. Biological activity was also inferred and validated by comparison with primary production field data reported by several authors.
The most important contributors to the average mass balance of CO 2 (0.8 mmol m À2 day À1 ) in the mixed layer are mixing (7.8 mmol m À2 day À1 ) and biological activity (À8.9 mmol m À2 day À1 ). Conversely, the contributions of the air-sea exchange (0.17 mmol m À2 day À1 ) and the advection (1.7 mmol m À2 day À1 ) are very small.
Taking into account that the biological activity in the mixed layer (DC BIO ) is coupled with DC ADV that DC MIX that introduce C T in the mixed layer, we have combined the three physical and biological processes obtaining the variable DC AMB that represents the net effect of biological production in the water column. The effect of the physical processes (temperature and wind) and the net production (DC AMB ) on the total CO 2 mass balance was then re-evaluated, suggesting that 42% is due to the temperature, 12% by the wind action, and 46% by the net balance of photosynthetic activity due to the injection of nutrients from the deeper layer and horizontal advection.
